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SMC proteins are key components of large ring-shaped chromosomal
protein complexes, such as cohesin and condensin. New evidence
supports the idea that these rings topologically encircle DNA. Hints
also emerge as to what it may take for DNA to enter the ring.Frank Uhlmann1 and 
Karl-Peter Hopfner2
SMC protein complexes — the
acronym standing for ‘structural
maintenance of chromosomes’ —
govern a multitude of
chromosomal activities [1–3]. They
are responsible at a large scale for
sister chromatid cohesion and
mitotic chromosome
condensation, but are also
involved in chromatin domain
boundary formation, transcriptional
regulation, dosage compensation
and the prevention and repair of
DNA damage. All eukaryotes
contain at least three distinct SMC
complexes, cohesin, condensin
and an as yet unnamed complex
built on Smc5 and Smc6. The roles
of these three complexes are partly
overlapping, but each complex has
unique features and all are
essential. Prokaryotes also contain
an SMC complex that is required
for faithful chromosome
segregation. SMC complexes are
among the most abundant
eukaryotic chromosomal proteins,and recent results have provided
new insights into their enigmatic
mechanism of action.
SMC complexes are
characterised by the striking
architecture of their SMC protein
subunits (Figure 1). SMC proteins
combine structural and enzymatic
functions and consist of a long
stretch of flexible anti-parallel
coiled coil, with an ABC-type
ATPase head at one end, and a
dimerization domain at the other
end. Two SMC proteins invariably
dimerize by association of these
latter domains, which together
form what has been called a
‘hinge’. For instance, cohesin
consists of Smc1 and Smc3, while
condensin contains Smc2 and
Smc4. The prokaryotic SMC
complex contains a homodimer of
the prokaryotic SMC protein. The
two ATPase domains of the SMC
protein dimer bind to each other in
the presence of ATP, thus closing
the SMC dimer into an enormous
protein ring of about 35 nm in
diameter [4,5]. All SMC complexes
contain additional subunits thattypically associate with the ATPase
domains, including a ubiquitous
conserved ‘kleisin’ subunit which
makes direct contact with and
bridges the two ATPase heads.
One of the big unresolved
questions in chromosome biology
is how SMC complexes bind to
and work on DNA. One of the best
studied examples is the budding
yeast cohesin complex. Cohesin
mediates cohesion between sister
chromatids following DNA
replication, and also participates
in mitotic chromosome
condensation [6,7]. Nasmyth and
colleagues [8] have suggested that
the cohesin ring might bind to
chromosomes by encircling, and
thereby topologically entrapping,
DNA. Confining both replication
products after S-phase within one
ring could provide a stable and
safe means of sister chromatid
cohesion.
Many known features of cohesin
are consistent with topological
binding of the complex to DNA.
Mutational analysis of cohesin’s
ATPase domain suggests that ATP
must be hydrolysed for cohesin to
bind to DNA in late G1 of the cell
cycle. ATP hydrolysis is expected
to lead to dissociation of the
ATPase heads, thereby opening a
potential way for the DNA into the
cohesin ring [9,10]. The ring is
irreversibly opened in anaphase,
when cohesin’s kleisin subunit
Scc1 is cleaved by the protease
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terminal Scc1 cleavage product
causes the SMC heads to
dissociate. Cohesin then
dissociates from chromosomes to
allow sister chromatid
segregation. The engineered
cleavage of cohesin’s coiled coil
region also allows dissociation of
the complex from chromosomes
and loss of sister chromatid
cohesion [11]. Thus, opening of
the cohesin ring at different sites
disrupts its contact with DNA,
arguing that DNA is topologically
entrapped. But these experiments
destroyed the integrity of cohesin
and this might have abolished a
DNA binding site.
The model that cohesin binds
DNA by topological embrace
makes an important prediction.
The contact between cohesin and
DNA should be lost, not only when
the cohesin ring is cleaved, but
also when the cohesin ring remains
intact and the DNA molecule is cut
into a small enough piece to slide
out of the ring. Precisely this
prediction has now been tested
and verified [12]. A circular
minichromosome with stably
bound cohesin was purified from
yeast cells. As expected, cleavage
of cohesin led to loss of interaction
with the minichromosome. But
linearization of the circular
minichromosome by a restriction
endonuclease also led to loss of
cohesin binding (Figure 1). The
linearized DNA was apparently
able to slide out of the cohesin
ring. As the cohesin complex
remained intact, these new data
provide strong evidence that a
crucial aspect of the interaction
between cohesin and DNA is
topological in nature.
Apparent sliding of budding
yeast cohesin along chromosomes
has also been observed in vivo.
Cohesin’s loading onto
chromosomes depends on the
Scc2/Scc4 loading factor, but
soon after loading cohesin
translocates away from
chromosomal Scc2/Scc4 towards
sites of convergent transcriptional
termination. There, cohesin
accumulates, and only on silent
genes does cohesin occupy their
whole length. But as soon as
transcription is activated, cohesin
moves downstream, as if pushedFigure 1. Architecture and
topological DNA interaction
of cohesin.
Cohesin contains Smc1
(green), Smc3 (blue) and Scc1
(orange) subunits. Smc1 and
Smc3 interact via the dimer-
ization domains (which
together form the ‘hinge’) and
via ATP-driven association of
their two ABC ATPase heads
(ATP: red). In addition, Scc1
connects the two ABC
domains to form a stable pro-
teinaceous ring that may
entrap DNA to promote sister
chromatid cohesion. The
cohesin ring is naturally
destroyed by cleavage of
Scc1 by the protease sepa-
rase in anaphase. Topological
DNA binding of cohesin was
experimentally confirmed by
release of cohesin from a cir-
cular minichromosome by:
(1) cleavage of engineered
Scc1 by TEV protease; (2)
cleavage of the engineered
Smc3 by TEV protease; or (3)
linearization of the minichro-
mosome by a restriction
enzyme [12].
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Current Biologyalong chromosomes [13]. The
mechanism underlying
translocation of cohesin in vivo
remains to be elucidated. Cohesin
rings that encircle and can slide
along chromosomes would
provide a compelling explanation.
Note that the large inner diameter
of cohesin is wide enough to
accommodate DNA even when
packed into chromatin.
Do all SMC complexes interact
with DNA by topological embrace,
or is this mode of DNA binding
unique to cohesin? The
characteristic architecture
including two interacting ATPase
heads bound by a kleisin is
probably conserved in all SMC
complexes. It seems therefore
likely that their fundamental mode
of DNA binding is likewise
conserved. Differences between
individual SMC complexes may
concern possible allosteric
regulation of the ATPase. This
could affect the turnover of the
SMC rings on DNA, or the
requirement for auxiliary DNA
loading factors, rather than their
fundamental mechanism of DNA
binding.
If SMC complexes encircle DNA,
how does the DNA enter the ring?
Hydrolysis of ATP by the SMCheads is required, which could
open a gate between SMC heads
for DNA to enter. ATP hydrolysis
by condensin and prokaryotic
SMC proteins in vitro is stimulated
by the presence of DNA, as if DNA
opens its own way into the ring
[14,15]. Recent structural studies
of a prokaryotic SMC-ATPase
have identified a possible DNA
sensor loop on the head surface
which is required to promote DNA-
stimulated ATP hydrolysis [16].
Interestingly, this DNA sensor loop
is placed inside of the SMC heads,
facing into the ring centre.
An additional feature of a
prokaryotic SMC protein has now
been identified which is required
for DNA-stimulated ATP
hydrolysis: a patch of positively
charged amino acids that
promotes interaction with DNA,
but that surprisingly is located on
the side opposite of the ATPase
heads, at the SMC hinge (Figure
2A) [17]. Mutations in this
positively charged patch reduce
the affinity of the SMC dimer for
DNA, and abolish the DNA
stimulation of ATPase activity at
the heads far away on the other
side of the ring. Intriguingly, the
positive patch is again facing into
the SMC ring, located at the inside
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R104Figure 2. Model for loading of SMC complexes onto DNA.
(A) The hinge of a prokaryotic SMC complex (blue/green SMC dimer) possesses a posi-
tively charged cluster (+) that is required for DNA binding and DNA-stimulated ATPase
activity [17]. The ABC domains contain a sensor loop (S) that is also implicated in DNA-
stimulated ATPase activity. Association of heads and hinge domains, as suggested by
scanning force micrographs of condensin, could lead to a single DNA binding surface of
heads and hinge domains during loading of SMC proteins on DNA. (B) Model for the step-
wise association of an SMC complex with DNA. After an initial DNA contact by the hinge,
DNA could engage the sensor loop at the ABC domains, thereby stimulating ATP hydrol-
ysis. The resulting transient dissociation of the ABC domains after ATP-hydrolysis and re-
association after ATP-binding could lead to the embracement of the DNA in the SMC ring.
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Current Biologysurface of the hinge, and it
appears to be conserved in all
eukaryotic SMC proteins.
Consistent with this, DNA binding
activity is also found within the
vertebrate cohesin hinge, arguing
that DNA–hinge interactions might
be a more general feature of SMC
complexes [18].
There are two reasons why DNA
interaction at the SMC hinge might
be important. It could be that SMC
complexes make a first contact
with DNA at the hinge (Figure 2B).
This initial contact might increase
the local concentration of DNA at
the ATPase heads and thereby its
chances to reach the DNA sensor
loop across the ring. Once DNA
contacts the sensor loop, ATP is
hydrolysed and the DNA could
pass through the heads. An
important feature of this model is
that DNA passes through the
ATPase heads from inside out, and
the ring is thus put onto the DNA
rather than DNA is transported
from the outside into the ring.
A second possibility is that
involvement of the SMC hinges inDNA binding and ATP hydrolysis
might be indicative of a more
direct interaction of the hinge with
the heads. Direct association of
the hinge with the heads has been
seen by atomic force microscopy
of fission yeast condensin
complexes and cohesin SMC
dimers [19,20]. In this scenario, the
hinge and heads together may
form a single DNA interaction site,
such as that indicated in Figure 2.
Such a complex would be
consistent with the location of the
charged cluster in the hinge and
the sensor loop in the heads. An
initial contact of DNA with this
interaction site could engage the
DNA sensor loop to trigger a
subsequent ATP hydrolysis-
dependent topological binding
reaction (Figure 2B).
These new results provide
important new insight into how
SMC complexes bind to DNA.
Further structural and mechanistic
information about the interaction
of SMC complexes with DNA is
necessary to understand how
these proteins affect chromosomebiology in a living organism. So far
there is one example where fission
yeast condensin has been
visualised together with DNA by
atomic force microscopy [19].
Condensin is seen sitting on DNA
with its hinge, and in some cases
the heads are seen bent over to
reach down to the DNA. The
interpretation of such images
cannot be taken too far.
Nevertheless, these structures are
in remarkable agreement with the
current biochemical knowledge.
Condensin under these conditions
may be trapped in a pre-loading
state, maybe because of limited
biochemical activity of the
preparation, or the absence of a
required loading factor.
A number of important
questions remain to be answered.
What exactly is the consequence
of ATP binding and then hydrolysis
by the ABC-ATPase domains?
Does it merely regulate
dimerization of the SMC heads, or
cause further conformational
changes within the SMC complex?
In addition, what is the nature of
the interplay between the kleisin
subunit and the ATPase heads? If
DNA indeed passes between the
cohesin ATPase heads for binding
to chromosomes, at least one of
the interactions between Scc1 and
the heads must also be regulated
to let DNA pass. Finally, several
additional essential subunits are
part of most SMC complexes, how
do these contribute to their
function? Future combination of
genetic, biochemical and
structural analysis will have many
more exciting discoveries waiting,
as we get closer to understand the
sophisticated activities of SMC
complexes to maintain
chromosomal function and
integrity.
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